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Currently, there is no ideal noninvasive method to quantify the 
progressive loss of pancreatic (B-cell mass (BCM) that occurs 
in type 1 diabetes. Magnetic resonance imaging has detected 
gross differences in BCM between healthy and diabetic mice 
using the contrast agent manganese, which labels functional 
(3-cells and increases the water proton relaxation rate (Rl), but 
its ability to measure gradations in BCM during disease progres- 
sion is unknown. Our objective was to test the hypothesis that 
measurements of the manganese-enhanced pancreatic Rl could 
detect decreasing BCM in a mouse model of type 1 diabetes. 
We used cyclophosphamide-accelerated BDC2.5 T-cell receptor 
transgenic nonobese diabetic mice, which experience develop- 
ment of type 1 diabetes during a 7-day time period after cyclo- 
phosphamide injection, whereas transgene-negative mice do not. 
We measured the manganese-enhanced pancreatic Rl before cy- 
clophosphamide injection (day 0) and on days 3, 4, 5, and 7 after- 
ward. Pancreatic Rl remained constant in transgene-negative 
mice and decreased stepwise day-to-day in transgene-positive 
mice, mirroring their loss of BCM, confirmed by pancreatic insulin 
measurements and histology. Changes in Rl in transgene-positive 
mice occurred before elevations in blood glucose, a clinical in- 
dicator of diabetes, suggesting potential for early noninvasive de- 
tection of changes in functional BCM. Diabetes 62:44-48, 2013 




Type 1 diabetes is a metabolic disorder charac- 
terized by an inability to maintain normoglycemia. 
It occurs due to the autoimmune destruction of 
the insulin-producing pancreatic (3-cells, which 
are diffusely dispersed throughout the pancreas in the 
islets of Langerhans and represent approximately 1-2% of 
the pancreatic mass (1). The etiology of this destructive 
autoimmune process remains largely unknown, although 
key cellular events include early functional disruption and 
progressive inflammatory (3-cell destruction (2-4). Cur- 
rently, there is no ideal method for noninvasively mea- 
suring changes in functional (3-cell mass (BCM), which 
would be valuable for assessing diabetes progression, 
following therapeutic response, or for evaluating the via- 
bility of transplanted pancreatic islets (5). Provocative 
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testing with (3-cell secretogogues, the gold standard for 
detection of (3-cell loss, is insensitive to early stages of 
the disease, and although biopsy techniques might be 
useful in monitoring the status of clustered transplanted 
islets in defined sites, this approach is impractical for 
dispersed islet transfers or in the diagnosis and staging of 
type 1 diabetes. 

Recently, noninvasive imaging techniques such as single 
photon emission computed tomography (SPECT) (6), posi- 
tron emission tomography (7,8), bioluminescence imaging 
(9), and magnetic resonance imaging (MRI) (10-13) have 
shown promise in detecting BCM. These techniques, 
however, have limitations. Positron emission tomography 
and single photon emission computed tomography use ion- 
izing radiation, have relatively low spatial resolution, and 
currently use non-ideal (3-cell-specific radiotracers; bio- 
luminescence imaging has limited spatial resolution and is 
not translatable to humans; and no technique has proven 
the ability to detect small gradations in BCM. Manganese 
(Mn 2+ )-enhanced MRI (MEMRI) may prove an attractive 
method for assessing functional BCM, because the mecha- 
nism by which Mn 2+ ions label (3-cells is inherently linked to 
(3-cell function and may be translatable to human imaging. 
Manganese ions enter (3-cells through voltage-gated calcium 
channels (10) and increase the nuclear magnetic resonance 
water proton longitudinal relaxation rate constant (Rl) pro- 
portionally with Mn 2+ concentration. Recent data supporting 
this mechanism showed that glucose stimulation before 
MEMRI increased pancreatic Rl, and that this effect is es- 
sentially abolished with calcium channel blockade (12). 
Thus, the glucose-stimulated Mn 2+ -enhanced pancreatic 
Rl has been interpreted as a measurement of functional 
BCM (12). MEMRI studies previously have detected gross 
decreases in BCM in mice in a streptozotocin-induced 
model of type 1 diabetes (11-13), a model characterized 
by a precipitous loss of BCM after streptozotocin in- 
jection. The sensitivity of MEMRI, or any other imaging 
modality, to detect gradual changes in functional BCM 
that occur during the progression of diabetes has not yet 
been demonstrated, although the ability to measure gra- 
dations in BCM is necessary for clinical translation of any 
technique that assesses functional BCM. 

To test the hypothesis that MEMRI can detect gradations in 
BCM, we performed MRI on cyclophosphamide-accelerated 
BDC2.5 T-cell receptor transgenic mice on a nonobese di- 
abetic background (NOD-BDC2.5) (14-16). After injection of 
cyclophosphamide, NOD-BDC2.5 mice expressing a trans- 
genic T-cell receptor (Tg + mice) exhibit progressive autoim- 
mune (3-cell destruction, with virtually 100% of mice becoming 
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overfly diabetic within 7 days of cyclophosphamide injection 
(14). Mice lacking the transgenic T-cell receptor (Tg~ mice) do 
not have development of diabetes within this time frame after 
cyclophosphamide injection. Because of the kinetics and re- 
producibility of diabetes progression, this model allows the 
investigation of the ability to detect small decrements in 
functional BCM. 

RESEARCH DESIGN AND METHODS 

All animal experiments were performed under protocols approved and mon- 
itored by our Institutional Animal Care and Use Committee. 
Type 1 diabetes mouse model. To initiate type 1 diabetes progression, 200 
mg/kg cyclophosphamide was injected intraperitoneal^ in 27 Tg + NOD- 
BDC2.5 mice and in 25 Tg~ littermates. Imaging was performed before 
cyclophosphamide injection on experimental day 0 and on days 3, 4, 5, and 
7 after injection during the period of loss of BCM. The number of mice 
imaged on each experimental day was as follows (Tg + /Tg~): 5/5 on day 0; 
8/4 on day 3; 4/6 on day 4; 5/5 on day 5; and 5/5 on day 7. Fasting blood 
glucose was measured before imaging as an indicator of type 1 diabetes 
using a OneTouch glucose meter (LifeScan). After one imaging session, the 
complete pancreas was harvested from each mouse for pancreatic insulin 
measurement. 

Imaging protocol. MRI was performed on a 7-Tesla Clinscan system (Bruker, 
Etlingen, Germany) using a 30-mm inner-diameter mouse whole-body radio- 
frequency coil. Mice were anesthetized with 1.25% isoflurane. Mice were 
injected with glucose (1.5 g/kg) to stimulate (3-cell Ca 2+ channels 2 min before 
injecting MnCl 2 (100 |xmol/kg) to label (3-cells as described (11,12). The 
pancreas was localized using coronal and axial images (11,12), and the 
splenic region of the pancreas was imaged. Look-Locker MRI (17) was per- 
formed 1 h after glucose and MnCl 2 injections to quantify pancreatic Rl, 
a time that was demonstrated to be optimal for imaging Mn 2+ -enhanced 
(3-cells in a previous study (12). Look-Locker MRI acquires frame-by-frame 
images of the recovery of longitudinal magnetization toward its equilibrium 
after magnetization inversion. From these images, which are separated by 
intervals of the inversion time, the relaxation rate Rl can be accurately 
quantified pixel-wise. The Look-Locker pulse sequence used a nonselective 
180-degree inversion pulse followed by a train of gradient echoes separated 
by inversion times between 30 and 50 ms. Specific imaging parameters were: 
time between successive inversions = 5,500 ms; echo time = 1.9 ms; flip angle = 
3 degrees; slice thickness = 1 mm; number of slices = 1; field of view = 35 X 25 
mm; matrix = 64 X 48; number of images = 100; averages = 3; and 500 |xm in- 
plane resolution. 

Image analysis. A region of interest was drawn around the pancreas to gen- 
erate pancreatic signal intensity versus time curve. This curve was modeled as an 
exponential relaxation curve of the form M z (t) = M 0 [l-2*exp(-t % Rl)], where 
M z (t) is the longitudinal magnetization and M 0 is the equilibrium magnetization, 
and fit for Rl was found using a Marquardt-Levenberg optimization algorithm in 
MATLAB (Mathworks, Natick, MA). Pixel-wise pancreatic Rl maps were ad- 
ditionally calculated. Statistical testing was performed using two-way ANOVA, 
and results are reported as mean ± SD. 

Pancreatic insulin content. After imaging, mice were killed, and their pan- 
creata were harvested for pancreatic insulin content measurement. The 
number of pancreata harvested on each experimental day corresponded to the 
number and type of mice imaged that day. The pancreas was removed, 
and pancreatic insulin was extracted in ethanol acid (18). The time between 
glucose administration and pancreatic harvest was 1.5 h and was consistent 
for all experiments. Total pancreatic insulin concentrations were determined 
using a mouse insulin enzyme-linked immunosorbent assay (Mercodia Mouse 
Insulin ELISA Kit, Mercodia AB, Uppsala, Sweden) and quantitated against 
a standard curve. 

Histological scoring. Pancreatic histology was performed as described 
elsewhere (19). Pancreata were harvested from a parallel cohort of Tg~ 
(n = 11) and Tg + (n = 18) mice on days 3 (4 Tg"/5 Tg + ), 5 (3 Tg"/6 Tg + ), and 8 
(4 Tg~/7 Tg + ) after cyclophosphamide administration, since the entire pan- 
creas from each imaged mouse was used to measure pancreatic insulin. The 
5-fxm pancreatic sections were embedded in paraffin and stained with alde- 
hyde fuchsin, to stain for insulin-positive (3-cells, and hematoxylin, to highlight 
nuclei and areas of mononuclear infiltration. Three sections were scored per 
mouse. An insulin score was determined as a product of the residual total islet 
mass, estimated as a fraction of that in age-matched and sex-matched NOD. 
scid control mice (0.0-1.0) multiplied by the average percentage of aldehyde 
fuchsin-positive cells per islet relative to control (0-100%). An insulitis score 
was determined on a 0-3 scale, with scoring as follows: 0, no infiltrate; 1, polar 
infiltrate only; 2, infiltrating cells extending around islet to >50% of its cir- 
cumference without invasion; and 3, invasive insulitis. 
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RESULTS 

Pancreatic insulin, blood glucose measurements, and 
pancreatic histology. Pancreatic insulin content de- 
creased significantly on days 3-7 after cyclophosphamide 
injection in Tg + mice, mirroring their disease progression 
and loss of BCM, whereas Tg~ mice maintained constant 
pancreatic insulin during all experimental days (Fig. 1A). 
These observations agree with other studies using this 
model (14-16). Blood glucose concentration (Fig. LB), 
a clinical indicator of type 1 diabetes, increased signifi- 
cantly in Tg + mice only on day 7 (P < 0.01). Thus, the 
majority of (3-cell damage had occurred before the mani- 
festation of increased blood glucose, as has been reported 
previously (14). 

Histology was performed to further assess functional BCM 
and the extent of pancreatic immune infiltration. Specifi- 
cally, insulin and insulitis scores were generated from the 
histological sections. Representative pancreatic histologi- 
cal sections are shown in Fig. 1C-H for Tg~ and Tg + mice 
on experimental days 3, 5, and 8. Figure 1/ confirms that 
Tg~ mice maintained stable functional BCM during the 
first 7 days after cyclophosphamide injection, whereas 
functional BCM decreased in Tg + mice from day 3 to day 5. 
Islet infiltration was prevalent in Tg + mice starting at day 3 
(Fig. 1J) but was not observed in Tg~ mice until day 8. 
Mn + -enhanced pancreatic Rl reflects the progressive 
decline of BCM in Tg + mice. Having characterized the 
mouse model, our objective was to determine whether 
MEMRI could accurately measure graded changes in BCM. 
Figure 2A shows example Look-Locker images of the 
pancreas acquired 1 h after glucose and MnCl 2 injections, 
with the pancreas outlined in red. Typical pancreatic signal 
intensity versus time curves, normalized by M 0 to be on a 
- 1 to 1 scale, are shown in Fig. 2B. The difference between 
the curves for Tg + and Tg~ mice on experimental day 3 is 
observable, showing a decrease in Rl for the Tg + mouse. 
The pixel-wise pancreatic Rl maps for these two mice are 
overlain in color on anatomic reference images in Fig. 2C. 

The measured Mn 2+ -enhanced pancreatic Rls are shown 
in Fig. 3A for Tg + and Tg~ mice on experimental days 
0 and 3-7. Pancreatic Rl remained constant after cyclo- 
phosphamide injection in Tg~ mice and decreased pro- 
gressively in Tg + mice, mirroring the trends observed in 
pancreatic insulin (Fig. L4). Two-way ANOVA revealed 
significant differences in Mn 2+ -enhanced pancreatic Rl for 
same-day Tg + mice versus Tg~ mice for all days except day 
0 (*P < 0.01). Pancreatic Rl for day 0 Tg + mice was sta- 
tistically different from Tg + mice on all other experimental 
days (P < 0.05), and pancreatic Rl for day 3 Tg + mice was 
significantly different from that of day 7 Tg + mice (P < 
0.05). Mn 2+ -enhanced pancreatic Rl correlated well with 
total pancreatic insulin content, our gold standard mea- 
surement of BCM, with an R 2 of 0.76 (Fig. 3B). These data 
provide proof-of-principle that this noninvasive MRI-based 
approach may be able to detect the early declines in BCM 
that precede hyperglycemia in type 1 diabetes. 

A limitation of this study is that we imaged only a single 
slice of the pancreas, in the splenic region. We imaged the 
splenic region of the pancreas to achieve consistency be- 
tween imaging studies, because this region is readily 
identified using anatomic landmarks (11,12). In mice, there 
is no consensus evidence for the preferential distribution 
of islets by pancreatic region, and histology showed simi- 
lar cellular infiltration throughout the pancreas. Therefore, 
we posit that the splenic region is representative of the 
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FIG. 1. Characteristics of the cyclophosphamide-injected mouse model of type 1 diabetes. White bars, Tg~ mice; black bars, Tg + mice. All data are 
presented as mean ± SD..4: Total pancreatic insulin indicated the loss of BCM in Tg + mice during the experimental time course (*P < 0.05 vs. same- 
day Tg + ; &P < 0.01 vs. day 5 Tg + ; #P < 0.01 vs. day 7 Tg+), whereas BCM remained constant after cyclophosphamide injection in Tg~ mice. B: The 
decreased BCM in Tg + mice was registered as an increase in blood glucose only after day 7, by which time loss of BCM had already occurred. C-H: 
Histological changes in cyclophosphamide-treated mice. Five-micron sections were stained with aldehyde fuchsin (deep violet) to visualize 0-cell 
insulin granules; a hematoxylin counterstain (light blue) was used to identify nuclei and highlight areas of mononuclear infiltration. Represen- 
tative sections are shown at x200 magnification. C andZ): Pancreatic infiltration was minimal before day 5 in nontransgenic mice, whereas invasive 
insulitis with some evidence of 0-cell damage had developed by day 8 in some of these mice (E). In contrast, invasive insulitis was clearly evident by 
day 3 in Tg + mice (F), with increasing evidence of destructive insulitis in all mice by day 5 (G). In the single mouse remaining nondiabetic by day 8, 
extensive islet damage was widespread, with only small numbers of residual 0-cells retaining detectable insulin granules (H). No granulated 0-cells 
were seen in sections from diabetic mice (not shown). /: Histological insulin score, indicative of BCM, decreased in Tg + mice but remained rel- 
atively constant in Tg~ mice. J: Histological insulitis score on a 0-3 scale. 



entire mouse pancreas. To overcome this limitation, 
a multislice Look-Locker imaging method may be imple- 
mented in the future. 

Another potential limitation is nonspecific uptake of Mn 2+ 
by other cells, which could potentially affect the ability 
of MEMRI to detect (3-cell pathophysiology. To address 
this possibility, we have previously investigated the effects of 
nonspecific Mn 2+ uptake on pancreatic Rl and found that 
using Mn 2+ enhancement after glucose stimulation provides 
(3-cell specificity (12). A further limitation of this study is that 
changes in vascularity associated with diabetes progression 
that could potentially alter Mn 2+ uptake in the pancreas were 
not accounted for in our analysis. 

Safety is a concern with the use of unchelated MnCl 2 in 
humans. Although in vitro (10) and small animal studies 



report no functional impairment of (3-cell insulin secretion 
by Mn 2+ , systemic effects such as elevated heart rate and 
blood pressure were observed in dogs with a MnCl 2 dose 
of 30 |xmol/kg (20). The use of MnCl 2 recently has been 
explored in humans (21); however, at a dose of 5 |xmol/kg 
(1/2 Oth the dose used in this study), with no adverse 
effects. More promising is the use of the chelated Mn 2+ -based 
agent Teslascan (GE Healthcare), which is approved for 
imaging the human liver and has been shown to assess the 
function of other tissues in rodents (22). Another Mn 2+ -based 
agent, EVP-1001 (Eagle Vision Pharmaceuticals), is in phase 
II clinical trials and has been used to measure myocyte 
function after myocardial infarction (23). The use of lower 
MnCl 2 doses or approved Mn 2+ -based contrast agents will be 
explored in the future to allow potential clinical translation of 
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FIG. 2. A: A series of Look-Locker images showing an axial slice through the mouse abdomen, with the pancreas outlined in red. After inversion at 
time 0, longitudinal magnetization returns to equilibrium with relaxation rate constant Rl. The specific time after inversion (Tl, in ms) is indicated 
below each image. B: Example pancreatic signal intensity vs. time curves for a Tg~ (white circles) mouse and Tg + (black circles) mouse on day 3 
after cyclophosphamide injection. Each data point on the curves represents the normalized pancreatic signal intensity measured at one Tl. 
Pancreatic Rl was calculated by applying a monoexponential recovery model to each curve. C: Pixel-wise Rl maps of the pancreas from Tg~ (i ) and 
Tg + (if ) mice on experimental day 3 overlain on high-resolution anatomic reference images. Rl is decreased in the Tg + mouse at day 3 after cy- 
clophosphamide injection. 



this technique. Finally, clinical translation will require rapid 
Rl mapping methods capable of imaging the entire pancreas 
with high spatial resolution, such as modified Look-Locker 
imaging (24), the standard method for Rl mapping in the 
heart. Compressed sensing (25) may allow the development 
of improved methods for rapid pancreatic Rl mapping in 
the future. 

In conclusion, measurements of pancreatic Rl after 
glucose stimulation and Mn 2+ labeling of functional (3-cells 
accurately reflected changes in BCM in this mouse model 
of type 1 diabetes, as pancreatic Rl correlated well with 
both pancreatic insulin content and histological estimates 
of BCM. Significant decreases in pancreatic Rl were ob- 
served in Tg + mice not only from day 0 to day 7, at which 
time the mice had frank diabetes, but also from days 3 to 5, 
while (3-cell damage occurred during the progression to 
diabetes. Importantly, MRI measured these decreases 



before blood glucose increased, indicating that the tech- 
nique may have the sensitivity to detect decreases in BCM 
that occur before onset of clinical type 1 diabetes (26,27). 
The ability to detect the loss of BCM during this time is 
paramount, because this may be the critical period in 
which to salvage BCM (28). 
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FIG. 3. A: The Mn + -enhanced pancreatic Rl reflected the changes seen in pancreatic insulin content, with pancreatic Rl remaining constant in 
Tg" mice (white bars) and declining progressively in Tg + mice (*P < 0.01 vs. same-day Tg + , #P < 0.05 vs. all other Tg + , &P < 0.05 vs. day 7 Tg + ) after 
cyclophosphamide injection. White bars, Tg~ mice; black bars, Tg + mice. B: Mn 2+ -enhanced pancreatic Rl correlated well with total pancreatic insulin, 
with R 2 = 0.76. White squares, Tg~ mice; black diamonds, Tg + mice. 
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